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Collision cross sections of small water clusters
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The effective integral collision cross section of small water cluster molede8],, with N from 4 to 8,
has been measured. A controlled mixture of water vapor and argon, expanding into vacuum, produces neutral
water clusters in a supersonic molecular beam. The clusters undergo collisions in a scattering cell with target
gases Ar, He, or bJ and are detected by a quadrupole mass spectrometer after electron-impact ionization. The
detected cluster ions are in the form of proton hydraté§H4O], . The apparent cross sections determined
from attenuation measurements are approximately>o13 8 m? for Ar and N, target gases, and 18 m? for
He. Additional data, with a beam having a smaller proportion of heavy clusters gives the same cross section for
attenuation of th& = 3 cluster, which suggests that there one dominant channel for the generation of ions from
clusters.
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[. INTRODUCTION upper chamber during operation of the source. The molecular
beam is collimated by a 2-mm hole in a skimmer placed
Noctilucent cloudgNLC’s) are of interest as an indicator 20—25 mm downstream from the 20w pinhole nozzle. A
of water vapor in the upper atmosphere. Increased sighting$50-I/s turbomolecular pump with a base pressure 2
of these clouds may be indicative of anthropogenic change< 10~ Torr pumps the second chamber. There is a cylindri-
[1,2]. These clouds are composed of water cluster moleculesal scattering cell placed in the center of the second chamber,
that become visible when they have grown+®&0 nm in  which is aligned with the molecular beam. This cell has a
radius[3-5]. Smaller clusters are thought to be associatedengthL=12cm and a diameter 3.5 cm. The two ends have
with unusually strong radar echog8]. Rocket-borne mass 3-mm-diameter circular holes. A fine leak valve allows the
spectrographs have detected proton hydrate cluster ionstroduction of the target gaie, Ar, or N,) into the scatter-
H*[H,0]y with N=3-12, which may represent the earliesting cell. The extra gas in the scattering cell has a negligible
stage of cloud formatiofi7]. Other rocket-borne instruments effect (<1%) on the pressure in the surrounding chamber.
have detected localized reductions in electron density, “bitéThe attenuation of the cluster beam intensity by collisions
outs,”[8] which are often seen in association with NLC'’s. outside the scattering cell can be neglected. Without gas, the
These may arise from an attachment of electrons to the clupressures inside the gas cell and the surrounding chamber are
ters[9], which is known to have a high cross sectidi®].  equal. A standard ionization gauge is used to measure the
New rocket instruments have detected charged NLC particlescattering cell pressur@g., which is varied between 1
with both signs of charggl1-13. Modeling NLC formation X 10 ° and 3x 10~ Torr. Two independent gauges located
[14] and the effects of cluster molecules on charge balancadjacent to one another gave readings that did not differ by
and ion chemistry15] requires the knowledge of the physi- more than 16%. In the case of helium and argon target gases,
cal properties of water cluster molecules, collision cross seche reading from the ionization gauge was corrected with the
tions, and reaction rates. Collision cross sections are als&lative gauge sensitivities: 0.18 for helium and 1.29 for ar-
necessary for modeling the performance of rocket-borne ingon, respectively17]. After leaving the scattering cell, the
strumentg 13,16. In this work we describe a measurementcluster beam enters a standard commercial gas analyzer with
of the effective integral cross section of water clusters<l-amu resolution. The analyzer consists of an ionizer, a
[H,O]y, from N=4 to 8. The clusters are formed within a quadrupole mass filter, and an ion detector. The ions are pro-
supersonic molecular beam, and scattered on target speciekiced by electron impadf70 eV, 1 mA, and accelerated
molecular nitrogen, helium, and argon. toward the mass filter. A channel electron multiplier is used
as the detector.
The electron-impact ionization of water clusters is be-
lieved to rapidly proceed via an internal ion-molecule reac-
The experimental apparatus consist of three p&its 1).  tion [18],
In the uppermost chamber a molecular beam containing wa-
ter clusters is produced. The second chamber contains a scdtH,0]n+e~—[H;0]\ +2e” —H[H,0ly_ 1+ OH+2e™,
tering cell in which the molecular beam is attenuated by 1)
collisions. The attenuated beam is detected by a rf quadru-
pole analyzer in the third section, after ionization by 70-eVinto a protonated cluster HH,O]y ;. This reaction may be
electrons. followed by evaporation of several,B moleculeq18,19.
The clusters are created in free-jet expansion of a mixturdhus the detected HH,O]x cluster ion intensity] ¢ , may
of argon and water vapor. A 3000-I/s diffusion pump with aarise from neutral clusters witNh=K+1, K+2, etc. The
water-cooled baffle maintains a vacuum of #orr in the  contribution of the H,O]y, cluster size to a measured inten-

II. EXPERIMENTAL TECHNIQUE
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in the range 150—-250 Torr. The vapor flows to the nozzle
# through a copper tube. The temperature of this tligas
- Ar controlled separately, and is held slightly above the reservoir
TC

temperature to avoid condensation. Argon gas is mixed with
= HT the water vapor to increase the total stagnation pregsyre

to slightly above the pressure of the atmosphéreally 620
Torr). The mixture undergoes isentropic expansion, and the
temperature drops rapidly with increasing distance from the
WB nozzle. This leads to the supersaturation of the water vapor
and subsequent clusterifgO].
The properties of molecular beams from free-jet expan-

—

IG 4 — — DP sions are well understod@0,21]. Since the nozzle-skimmer
distance is large compared to the nozzle diameter, the flow
SK entering the main chamber has a narrow velocity distribution
and a large Mach number. The flow reaches terminal veloc-
[ ' ity:
2kBT0 ¥ 1/2
= vi= m T 1 ’ (4)
TMP ] I Y
cv IG . . .
h wherekg is Boltzmann’s constanin is the molecular weight
j i of the expanding gas, angis its specific-heat ratio. In the
<« TG case of gas mixtures weighted valugss = X;m; and
] LV
‘ Bar=rai Yy=1=2 Xi(¥l7-1) ®)
RGA . . . .
H H are used, wher; is the mole fraction. At typical experi-
mental conditions (Tq=78°C, ps=170Torr, and py
v — =700 Torp the mean molecular weight is 34.7 amu, giving a

FIG. 1. The scheme of the experimental set-up. SC, St‘,Jlgnmio'herm|nal velocity of 680 m/s for the cluster beam. The values

e . ‘_1 _
chamber; Ar, argon gas inlet; TC, thermocouple; HT, heater; IG,O_f SIDECIfIC heat ratios aré and 3 for Ar and HO, respec
ionization gauge; NZ, nozzle; WB, water-cooled baffle; DP, diffu- tively. . . .
sion pump; SK, skimmer; TMP, turbomolecular pump; CV, collision | The cluster beam is attenuated in the scattering cell by

volume: LV, leak valve; TG, target gas inlet; RGA, quadrupole re-interaction with the target gas. From the attenuation rate of

sidual gas analyzer. intensity |, , an apparent collision cross section for the av-
erage relative velocitg can be obtained using the relation

sity I ¢ can be expressed in terms of concentrations of neutral

cluster moleculegy and probabilitied=y that these clus- + K

ters are ionized, fragment into 'fiH,O]x, and detected UaPPK(@:HIn(W)’ ©6)

Ink=Fnkpn - The net intensity is then

IO+

wherel " is the initial flux, andn= pe./kg T is the number
|+ = 1. ?) density of the target gas with pressuypg. and temperature
NEK+1 Ts.. The target gas in the scattering cell is assumed to be
homogenous with a Maxwellian velocity distribution. This
Normalized values of,j'K may be introducedmarked with  apparent cross section differs from the true scattering cross
apostrophes satisfying the condition section for clusters wittN=K + 1, becaus€l) clusters with
N>K+1 may contribute to the detected signé) of the
2 1 3 velocity spread of the target gas molecules, &8dvery
Ny KT small angle collisions due not contribute to the measured
attenuation20,22. We discusg2) and (3) below, and dis-
The conditions within the cluster generator determine the€uss(1) in Sec. Ill, where beams of different composition are
properties of the molecular beam. At the start of the experitised to help unfold the contribution of heavy clusters.
ment, approximately 20 ml of distilled water is loaded into a  Effects(2) and(3) may be separated, to a large extent, by
heated reservoiistagnation chambgrits temperature is con- Writing the expression for the measured apparent cross sec-
trolled by a thermocouple, and is typically kept @  ftion in aform[20,22
=60—70°C. The pressure of the water vagaris deter- . . N
mined by the temperature of the stagnation chamber, and is T appk(9) = 0eii k(9) —Aogii < (9), 7
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TABLE I. The calculated properties of the colliding molecules= 680 m/s) andd . for three different
cluster sizeN=4-6.

Mass my 19max (de@ 1?max (de@ 1(}max (de@

Target gas [amuy] vy (M/9) g (mly m;=72 m; =90 m; =108
Ar 40 352 766 2.6 3.1 3.5

N, 28 420 799 3.3 3.9 4.5

He 4 1113 1304 18.0 22.3 26.6

whereAa;ﬂvK@ represents the angular resolution correctionspectrum of the bean[Fig. 2(b)]. The protonated dimer
term. In order to the angular correction, one has to calculatéluster ion H [H,0], was detectable in the lower mass spec-
the portion of the cross section that is accepted by the detedUm; however, it was not suitable for accurate measurement
tor and thus does not appear in th€, (7). This can be because of nearby large background peaks. These back-
done by integrating the differential cross section over theground peaks also overlapped the lighter ionized water clus-
detector acceptance solid angile and the target gas veloc- ter fragments reported by Buck and Win{és].
ity distribution v, in the center-of-mass system: The drop of intensityl, with the pressure of Ar gas
within the scattering cell is shown in Fig. 3 fatt=3-7.
N gd Each point is an average of six independent measurements,
AO—eﬁ,K(@:f f > o fmodrdo. (8)  where the standard deviation is between 3% and 10%. The
vl Aot signal amplitude as a function of pressure shows an expo-

From the geometry of the experimental setup, it is estimate ential behavior. The attenuation curves wer_e_fitted by the
that water clusters scattered less thip,~1° full angle in east-squares method, and the apparent collision cross sec-

the laboratory system can enter the ionizer of the masdionS 7 app(9) Were calculated from Eq6). The uncertain-
analyzing system. This value is a compromise between thlies of the measurements were deduced from the f!t as well;
need for angular resolution and the need for sufficient signdfOWeVer. these errors do not include the systematic effects.
from the larger cluster sizes. The transformation of the labo- N€ obtained results for argon, helium, and nitrogen target
ratory deflection angled to center-of-mass coordinates in 92S€S are shown in Fig. 4 fér=3-7. The values of appar-

small-angle approximation §20,22: ent cross sections in Ar gas range frmﬁppf 2.87+0.08
X 10" *®m? for K=3 and o, /=3.20+0.06x 10" *® for K
m; v, v | =4, Up tooyy, 7~ 3.63+0.11x 10" ¥ m? for K=7. The val-

Fmad 9) = " E( - 2gvi) max» (9 ues measured in Nare approximately the same. The values

in He are approximately 1:210"'m? for all cluster ion

wherem; is the mass of the projectile particles, aads the ~ SiZ€S. _ _ o
reduced mass of the colliding species. The most probable !N order to investigate the relative importance of fragmen-
thermal speed of the target gas molecules with magés ~ tations yielding ions corresponding t>K+1 (signals
vin=12KaTe/M,. The calculated values of the full angle from the fragmentation qf larger cIusté:rsad_dltlonal mea-
9 fOr different scattering gases at the average relativeurements were made with a reduced fraction of heavy clus-
speedg= (v2+ Vt2h)l/2 can be found in Table | ters. The partial pressure of water vapor was reduceg to
i . = ; X
The velocity resolution correction can be simply done by 150Torr, with an unchanged stagnation presspig

using the Kinsey factof (s,x), which relates the effective f;gggorktiﬁd thf QOZZE \fveTprerat:c:ﬁi viastéowrireddo
cross section to the true integral cross sectiﬁgjf'K@ - ’ ese reduce ater co ons the mass Spec

—f(sX)o. @ [23]. Here x means the ratio of the beam trum of clusters decreased more rapidly with increasing

: i ith K=5 being the largest cluster clearly obsenrjédyg.
vglocny to the most_ probaple spe_ed of the s_cattermg 9";‘5' angi(c)]. For standard conditions, the intensity of each cluster
s is the power ofr in the interaction potentiaV/(r)~ 1/r®.

. ) . . ) size is approximately 0.55 of that of the cluster one size
For dipole-induced dipole interactions:- 6. smaller, and with the reduced water content this fraction is
0.35. The beam velocity from E¢4) was changed by less
. EXPERIMENTAL RESULTS than 2% ;=668 m/s). The apparent collision cross section

. . . calculated from the attenuation measurement in Ar gas is
A mass spectrum taken at typical conditions, but without a .
P yp r =2.84+0.08x10 ®m? i.e., the same as at the stan-

target gas is shown in Fig.(@®. The cluster ions appear in gapcpiS: _ | conditi thin th limit. The si
the form of proton hydrates, HH,O], according to Eq, 9ard experimental conditions within the error limit. The sig-

(1), with K=<10. In addition to the cluster ions, the mass nal intensities foK=4 were not sufficient for cross-section
spectrum shows a variety of background peaks caused by tffg€asurements.
fragmentation of pump oils. A movable beam stGmot

shown in Fig. 1 below the collision volume is used to isolate

the background with experimental conditions otherwise un- The measured cross sections of water clusters are large
disturbed. Subtraction of this background gives the massompared to the naive geometric cross section. This cross

IV. DISCUSSION
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FIG. 3. The semilogarithmic plot of the cluster intensity as a
function of the collision volume pressure for the case of Ar target
gas. The error bars represent the standard deviation from six mea-
surements.

target gases, and 1x2L0"¥m? for He) are most likely a
result of a long-range interactiof25]. This interaction is
from van der Waals force®ipole-induced dipole interac-
tion) between the polar $© molecules(dipole momentu
=1.855D, where B-3.336x 10 °C/m is the Debye unijt
in the cluster and the polarizable target gases that,js
=0.22x10" 031 C??, ap=1.85x10 T 1C*m? ay,
=1.97x10 493 1C?m? for He, Ar, and N, respectively

In Fig. 4 there is the expected trend of increasing cross
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FIG. 2. (a) Typical mass spectrum. The peaks at 55, 73, 91, 109,
127, 145, 163, and 181 correspond to cluster ioA$HKO]« , K
=3-10.(b) The mass spectrum with the background removed at
stagnation conditions To=78°C, ps=170Torr, and P
=700 Torr.(c) The mass spectrum with the background removed at
stagnation conditions T;=70°C, ps=150Torr, and P
=700 Torr.
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section for a cluster of N molecules is o}
= m(3NVy/47)?" whereV, is the volume occupied by one
H,O molecule in liquid water. The cross section$ are in
the range 0.3—-0%10 *¥m? for N=4—-12[24]. The larger
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sections with increasing size of water cluster ions for the
Ar and N, target gases. In the case of He target gas, the
relatively constant apparent cross section may be explained
by the larger mass ratio and the finite acceptance angle of the
analyzer. As the cluster sid¢ increases, the collisions with
the lighter He atoms result in a smaller deflection angle ac-
cording to Eq.(9). The angular correction is less significant
for Ar and N,. The velocity correction of the cross section is
independent of the mass.
An interesting feature that appears on Fig. 4 is a discon-

L Ee % e
% o Ar .
A He
[T N2 i
‘ Y & - K
3 4 5 6 !
K[H"(HZO)K]

measured cross sectiof@bout 3x 10 ¥m? for Ar and N,  ionsK=3-7 in Ar, andKk =3-6 in He and N gases.
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tinuity (dip) in the cross section for all target gases at the(1) with a subsequent evaporation of one water molecule
protonated water pentamer,"fH,0]s. In comparing cross from the ion. There appear to be no data investigating the
sections for different cluster sizes, the systematic measurdragmentation of clusters larger th&h=4. This evaporation
ment errorg~20% from the pressure measurements, for exis a consequence of excess energy gained from the exother-
ample are the same. This effect indicates a smaller apparemhic ion molecule reactiodEq. (1)], the geometrical rear-
cross section for the precursor molecule. Recent theoreticahngement occurring within the ion, and the excitation of
calculations and vibration-rotation tunneling experimentsvibration modes by the impacting electron. The excess en-
[27,28, suggested that, in free expansion, the most stablergy from N=3 clusters is primarily removed by evapora-
water tetramer and pentamer have a two-dimensional cycliton of monomer unit§19]. The binding energy of a mono-
structure, and the most stable form of the of the water hexmer in cluster ion H[H,O]x decreases with increasirg
amer is a cage structure. If the ion"FH,0]5 arises prima-  from about 1.47 eV foK =2 to 0.74 eV forkK =4 [19,31]. It
rily from impact ionization of the hexamer, the smaller crosswas suggested by Buck and Win{d9] that there is an in-
section may be the result of the tighter geometrical configuereasing tendency for evaporation of more than one water
ration. This cluster ion is one of the earlier observed “magicmonomer is increasing with cluster size because of the de-
numbers” that are seen as discontinuities in the mass specteaeasing binding energy. However, with increasing size the
of water cluster$29,30. internal degrees of freedom also increase. The excess energy
Because of the possible fragmentation, there is nahen may be distributed into vibrational modes. The apparent
straightforward connection between the detected cluster ionsoss sections for H H,0]; measured with beams having
H*[H,O]x and their parental neutral clusteiid,O]y. The differing proportions of heavy clusters were found to be
measured cross sectiom;ppK(ﬁ) can be expressed as a identical within the error. These data suggest that there is a
weighted sum of all the contributing neutral clusters crosssingle dominant channel contributing to the cross section.
sections The lower cross section &t=5 suggests that its origin is the
N=6 cluster.
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